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Type III secretion (T3S) systems allow the export and translocation of bacterial effectors into the host cell
cytoplasm. Secretion is accomplished by an 80-nm-long needle-like structure composed, in Pseudomonas
aeruginosa, of the polymerized form of a 7-kDa protein, PscF. Two proteins, PscG and PscE, stabilize PscF
within the bacterial cell before its export and polymerization. In this work we screened the 1,320-1&2 interface
between the two chaperones, PscE and PscG, by site-directed mutagenesis and determined hot spot regions that
are important for T3S function in vivo and complex formation in vitro. Three amino acids in PscE and five
amino acids in PscG, found to be relevant for complex formation, map to the central part of the interacting
surface. Stability assays on selected mutants performed both in vitro on purified PscE-PscG complexes and in
vivo on P. aeruginosa revealed that PscE is a cochaperone that is essential for the stability of the main
chaperone, PscG. Notably, when overexpressed from a bicistronic construct, PscG and PscF compensate for the
absence of PscE in cytotoxic P. aeruginosa. These results show that all of the information needed for needle
protein stabilization and folding, its presentation to the T3 secreton, and its export is present within the

sequence of the PscG chaperone.

Many Gram-negative bacteria are endowed with a specialized
secretion machinery called the type III secretion (T3S) system
(T3SS) that allows a set of bacterial proteins (effectors) to be
injected directly into a eukaryotic cell cytoplasm. The effectors
carry versatile enzymatic activities and target the main host de-
fense functions, such as phagocytosis (14, 19). The T3S nanoma-
chinery is composed of three main subassemblies: the basal body,
the needle, and the translocon (5, 15). The basal body, which is in
composition and structure similar to a flagellum base, is embed-
ded within two bacterial membranes and is composed of several
protein rings made up of identical subunits with 12-fold symmetry
(20, 33). Protruding from the surface and in continuum with the
base, the needle is formed by a low-molecular-weight protein that
polymerizes into a 50- to 80-nm-long and 8-nm-wide structure
whose length is highly regulated (22, 24, 27). It is widely accepted
that the secretion of effectors takes place through this 2-nm-wide
needle channel and is continued through a three-protein pore
complex called the translocon. In related T3S systems of patho-
gens Pseudomonas aeruginosa and Yersinia spp., the translocon is
composed of one hydrophilic (PcrV and LerV in Pseudomonas
and Yersinia, respectively) and two hydrophobic (PopB/PopD and
YopB/YopD, respectively) proteins, which allow crossing of the
host plasma membrane (16, 18, 25).

A highlight of the T3S systems is a class of intrabacterial
helper proteins, called chaperones, which are proposed to par-
ticipate in several steps of substrate stabilization and export.
The sequence identity between chaperones is notably low, but
they possess common features such as small size (100 to 150
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residues) and a tendency toward an acidic pI (26). T3S chap-
erones have been classified into three categories according to
their partners and their modes of interaction. Class I chaper-
ones act as dimers and bind one (class IA) or several (class IB)
effectors. Crystal structures of several class IA and IB mole-
cules show that they share a similar 58/3« fold, the central «
helix being responsible for dimerization (3, 34). They act
mainly as “bodyguards” preventing their substrates from gen-
erating premature or nonspecific interactions with other pro-
teins but are also thought to play a role in secretion. The class
II chaperones bind to hydrophobic translocators and keep
them in a soluble state (13, 31). SycD of Yersinia binds YopB
and YopD translocators, while PcrH from Pseudomonas is
responsible for recognition of PopB and PopD (4, 9, 13, 21).
These chaperones display all-helical structures with three tet-
ratricopeptide repeat (TPR) motifs, with a single TPR module
being composed of two antiparallel o helices; the overall struc-
ture forms a concave substrate-binding groove (4, 21, 23).
The third class consists of chaperones interacting with nee-
dle proteins. Until now, they have been documented only in
the Ysc/Psc subclass of T3SSs (29, 35, 36). We have previously
demonstrated that in P. aeruginosa, an opportunistic pathogen,
the type III needle component PscF is maintained in its mo-
nomeric form within the bacterial cytoplasm by a bimolecular
chaperone, PscE-PscG (29, 30). The 2-A crystal structure of
the ternary complex revealed that PscE is a 67-amino-acid
protein which folds into three « helices (Ha, Hb, and Hc) and
interacts directly only with PscG. PscG is composed of seven «
helices (H1 to H7) organized into a TPR-like domain harbor-
ing a concave region which binds to the C-terminal helix of
PscF (30). The interacting surface between PscG and PscF is
essential for needle formation and bacterial cytotoxicity (30).
In this work, we investigate the role of two chaperones in
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needle protein stabilization and T3S function. We define in-
teraction hot spots of the PscE-PscG surface by site-directed
mutagenesis and then show that PscE is required for stabiliza-
tion of PscG both in vivo and in vitro. Moreover, we show that
when PscG is overproduced in concert with PscF in P. aerugi-
nosa, the absence of PscE does not affect T3S functionality.
These data demonstrate that PscG is the main needle chaper-
one, being sufficient to maintain PscF in a secretion-prone fold,
and that PscE is a cochaperone needed to ensure stability of
PscG.

MATERIALS AND METHODS

P. aeruginosa strains. Construction of P. aeruginosa CHA APscE and APscG
strains was described previously, as well as the generation of complementing
plasmids (29, 30). All tested strains were obtained by complementing the dele-
tion mutants with appropriate plasmids.

Site-directed mutagenesis and cloning. For in vivo assays, site-directed mu-
tagenesis was performed on pIApG/pscE and pIApG/pscG plasmids (29). The
bicistronic construct pIApG/pscF-pscG was obtained by cloning of the pscF-pscG
PCR-amplified fragment into pIApG. DNA fragments encoding defined helices
of PscE (Ha-Hb, Hb-Hc, and Hc) were obtained by PCR, sequenced, and cloned
in pIApG/pscE by replacing the wild-type pscE fragment. The list of PCR primers
is available on request. For in vitro complex formation, mutagenesis was per-
formed on pETDuet/6his-pscE-pscG. This plasmid was constructed as follows.
pscE and pscG were amplified by PCR and cloned in the vector pETDuet-1
(Novagen). The BamHI/HindIII fragment with the full-length pscE was cloned in
the first multiple cloning site (MCS), and a thrombin site was added by PCR at
the N-terminal end, in order to be able to cleave the 6His tag. The Ndel/Xhol
fragment containing the pscG gene was cloned in the second MCS. All final
constructs were checked by DNA sequencing.

T3S-dependent secretion and cytotoxicity assays. Mutant and control strains
were grown on Pseudomonas isolation agar (PIA; Difco) plates or in liquid Luria
broth (LB) at 37°C with agitation. Carbenicillin was used at 500 pg/ml for PIA
plates and 300 p.g/ml in LB. For induction of T3S in vitro, P. aeruginosa overnight
cultures were diluted to an optical density at 600 nm (Agq,) of 0.1 in 30 ml LB
containing 5 mM EGTA and 20 mM MgCl,. Incubation was performed for an
additional 3 h until the cultures reached Agq, values of 1.0. The cultures were
centrifuged (6,000 rpm, 10 min), and the supernatants were directly analyzed by
Western blotting (15 pl used for A4y, = 1.0) using anti-PopB antibodies (17). For
cytotoxicity assays, the bacteria were cultivated to an Ay, of 1.0 and added to
macrophage cell line J774 at a multiplicity of infection (MOI) of 5. Cell death
was assessed at 3 h postinfection by using a cytotoxicity detection kit (lactate
dehydrogenase [LDH]; Roche), as described previously (6). All tests were per-
formed in triplicate.

Protein stability assays. The P. aeruginosa overnight cultures were diluted to
an Aggo of 0.1 in 100 ml LB containing 5 mM EGTA and 20 mM MgCl,.
Incubation was performed for an additional 3 h until the cultures reached an A4
of 1.0, at which point chloramphenicol (500 pg/ml) was added. Samples (4 ml)
were taken every 30 min as indicated; centrifuged; resuspended in 80 wl of 25
mM Tris-HCI, 20 mM NaCl, pH 8.0; sonicated; and recentrifuged (13,000 rpm,
10 min). The protein concentration (determined by Coomassie blue protein
assay; Pierce) was adjusted, and 50-ng samples were loaded on 18% SDS-PAGE
gels and analyzed by immunoblotting with anti-PscG or anti-PscE antibodies.

PscE-PscG complex production and purification. Wild-type PscE-PscG com-
plex and mutant proteins were produced from pETDuet/6his-pscE-pscG in Esch-
erichia coli BL21(DE3). The overnight cultures were diluted to an A, of 0.1 in
500 ml LB containing ampicillin at 100 wg/ml. Expression was induced with IPTG
(isopropyl-B-p-thiogalactopyranoside; 1 mM) for 3 h at 37°C. Cultures were
centrifuged (6,000 rpm, 10 min) and resuspended in 20 ml of 25 mM Tris-HCI,
500 mM NaCl, pH 8.0, 2% (vol/vol) glycerol, and 5 mM imidazole supplemented
with protease inhibitor cocktail (Complete; Roche). The bacterial suspensions
were then broken by using a French pressure cell. After ultracentrifugation, the
supernatant was loaded onto a Ni*>* affinity column (HiTrap Chelating HP; 1 ml;
GE Healthcare) and eluted using increasing imidazole concentrations (from 5 to
200 mM imidazole). For some samples, 300 wl of 150 mM imidazole fractions
eluted from a Ni*" column was further analyzed by high-resolution size-exclu-
sion chromatography (SEC; Superdex 200 10/300 GL; GE Healthcare). Column
calibration was performed by employing GE Healthcare molecular weight stan-
dards. The samples were separated in 25 mM Tris-HCI, 100 mM NaCl, pH 8.0,
with a flow rate of 0.5 ml/min.
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Antibodies and immunoblot analysis. Polyclonal antibodies against PopB
and PscF used in this work were previously described (17, 27). Anti-PscE and
anti-PscG were raised in guinea pigs by Eurogentec as described by the
manufacturer. Antigens were obtained as described previously (29). All an-
tibodies were affinity purified, using activated CH Sepharose 4B (GE Health-
care) following the manufacturer’s instructions. The protein samples were
subjected to SDS-PAGE and transferred to nitrocellulose membranes. The
membranes were blocked with 5% nonfat dry milk before addition of primary
antibodies using dilutions of 1:500 for anti-PscF, 1:3,000 for anti-PopB,
1:2,000 for anti-PscE, and 1:500 for anti-PscG. Secondary goat anti-rabbit
(Sigma) or rabbit anti-guinea pig (Invitrogen) antibodies (1:5,000) conju-
gated to horseradish peroxidase were used. Detection was performed by
enhanced chemiluminescence (ECL; GE Healthcare).

RESULTS

Regions of the PscE-PscG interface essential for T3S func-
tion. The PscE-PscG interaction surface encompasses an area
of 1,321 A2 where the two chaperones bind to each other
through multiple hydrophobic interactions (Fig. 1A). Based on
the crystal structure of the PscE-PscF-PscG ternary complex
(30), 13 and 5 amino acids were chosen to be mutated in PscE
and PscG, respectively, in order to evaluate their importance in
vivo (Table 1). Amino acid changes were generated on plas-
mids pIApG-pscE and pIApG-pscG, which are able to com-
plement P. aeruginosa AE and AG strains, respectively (29, 30).
Strains were directly screened through a macrophage cytotox-
icity test; results reflected the functionality of the T3S needle
(6). Surprisingly, out of 16 mutants created in PscE (11 simple
mutants, four double mutants, and one triple mutant), which
were hypothesized either to destabilize PscE itself by influenc-
ing the interactions between its two o helices (Hb-Hc) or to
perturb interactions with PscG, only one double mutation
(L20S-L24S) showed a slight effect on bacterial cytotoxicity
(Fig. 1B and C). However, the complete deletion of the Hb or
Hc helix abrogated bacterial cytotoxicity (Table 1), clearly
showing its importance in PscE-PscF-PscG complex formation.
These results show that simple changes in the PscE sequence
do not influence needle assembly and that multiple anchoring
points contribute to the stability of the PscE-PscG complex.
Further inspection of the PscE-PscG interface pointed to the
possible importance of the glycine at position 57 in the ability
of Hc to contribute to complex stability. Indeed, when G57 was
drastically changed into an aspartate residue, the mutant strain
completely lost the capacity to lyse macrophages, indicating
the absence of a functional T3SS.

Out of 12 PscG mutants, one triple mutant and three double
mutants were found to display significantly diminished cyto-
toxicity. These changes map to PscG « helices H1 (L5, L9, and
L12) and H2 (I28 and W31) and are in proximity to amino
acids L20, L.24, and G57 of PscE in helices Hb and Hc (Fig.
1C). All selected mutants were then further analyzed for their
capacity to secrete T3S translocator protein in vitro. As pre-
dicted from the cytotoxicity assays, simple mutants (with the
exception of the drastic G57D mutant) exerted no obvious
effect on secretion of the translocator PopB, whereas one dou-
ble (I128S-W31S) and one triple (L9S-128S-W31S) PscG mu-
tant showed no detectable levels of PopB in culture superna-
tants (Fig. 1B). All mutations identified by this screen map in
the central part of the interacting surface.

The PscE-PscG complex is destabilized by specific muta-
tions. To further determine the importance of the mutations
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FIG. 1. Screen for essential amino acids within the PscE-PscG interface (also Table 1). (A) PscE-PscG interface showing the relevant amino
acids in PscG (green) and PscE (blue). Amino acids L5, L9, L12, 128, and W31 in PscG are highlighted in yellow. The PscE residues are shown
as cyan sticks. (B) Cytotoxicity tests on macrophages and T3S-dependent secretion of PopB assayed with selected PscG and PscE mutants.
Cytotoxicity assays were performed with a J774 macrophage cell line infected with indicated P. aeruginosa strains. Strains used as positive values
were the APscG/pscG (Gywr) and APscE/pscE (Eyy ) strains. Strains used as negative values were the APscG (AG) and APscE (AE) strains. The
secretion (PopB-sec) and expression (PopB-exp) of translocator protein PopB were evaluated by immunoblotting. Bars represent standard
deviations. (C) Details of the PscG-PscE interface showing relevant helices H1 and H2 of PscG and Hb and Hc of PscE. Figures in panels A and

C were generated with Pymol (http://www.pymol.org).

for complex formation and/or stability, we performed in vitro
copurifications with selected mutant proteins. PscE and PscG
were thus coproduced in E. coli from the pETDuet/6his-pscE-
pscG plasmid and purified by affinity chromatography by taking
advantage of the hexahistidine tag on PscE. Some fractions
were further analyzed by size-exclusion chromatography
(SEC). Purifications were followed by automated protein de-
tection and confirmed by immunoblotting (Fig. 2). Wild-type
6His-PscE and PscG coeluted from a Ni*" affinity column and
eluted as a single peak at 16.7 ml from SEC, between protein
standards ovalbumin (43 kDa) and RNase A (13.7 kDa), which
could correspond to one molecule of 6His-PscE (9.5 kDa) in
complex with one molecule of PscG (12.5 kDa) (29; also see
Materials and Methods). The drastic G57D mutation within
6His-PscE completely abolished complex formation, with PscG
being detected in the flowthrough and wash fractions of the
Ni*" affinity column (Fig. 2A). Two previously described mu-
tations, single L20S (which showed no altered cytotoxicity) and
double L20S-L24S (cytotoxicity diminished by 40 to 50%),
were also recreated within 6His-PscE, in order to evaluate
their impact on complex formation. Notably, even the simple

L20S mutation showed an altered protein elution profile from
the affinity column. When a 150 mM imidazole-eluted fraction
was further analyzed by SEC, a small change in the elution
profile could be observed with an additional protein peak ap-
pearing at 8 ml (corresponding to a protein of >2,000 kDa),
suggesting aggregation of at least one of the partners. Indeed,
immunoblotting analysis of the fractions from SEC showed
that the 8-ml peak contained only the PscG protein. The same
was observed with the L20S-L24S double mutation (data not
shown). Five mutations were recreated within the PscG pro-
tein, LSS, LIS, 128S, L5S-1.9S, and 128S-W31S. In all five cases
the elution profiles of PscG from Ni** affinity columns
changed, with most of the protein eluting from the column in
the flowthrough fractions and at lower concentrations of imi-
dazole compared to the wild-type complex. Notably, when 150
mM imidazole-eluted fractions were analyzed by SEC, in all
analyzed samples the PscG protein could be detected in 8-ml
fractions (Fig. 2B and data not shown).

Therefore, we conclude that the maintenance of the stability
of the PscE-PscG complex depends on the central region of the
interface involving, notably, interactions between amino acids
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TABLE 1. Cytotoxicity of P. aeruginosa strains carrying
indicated mutations”

% Cytotoxicity

Mutant (mean = SD)
pscE mutants
ApscE 15.1 = 0.1
DSCE [a by o+ eveeeeeverereerenerenseseneseeseessesesestsseseessesesesesseseesaeseneas 15.8 £ 0.9
PSCE iy e 86.2 = 6.3
DSCE [ ettt ettt 159 £ 1.1
PpSscEy 505 839 +94
PSCE| 54 89.2 £ 12.2
PScEy 555 90.2 =93
DSCE R A oveneeeeeeieteieietnteieiesesee ettt et sae e 100 = 8.7
PSCE| 355 933+ 11.1
PSCEGS0A eveveeeneieiicieieiisie s 92.8 £6.7
PSCE 5535 89.4 =83
PSCE| 54 922 *+12.2
PpscEy sgs 99.6 = 15.3
DSCE [5G e veveveeevenetneereeninieseseseesetseesesestsse et s eses s e e 86.9 = 12.2
pscEy 615 95.0 = 7.2
DSCE | 551 248 v everereerererenreresereemetnsssesestnseseessesenenesseseesaesenead 46.8 = 13.4
PSCEsoa-Ls4s 93.1 1.6
DSCE A 5361545 wverrenveerrerencsrereaeressenracsecsetsessensasssssenessesessessennas 90.9 £ 6.7
PSCE sgs.1 64s 96.0 = 2.9
DSCE 550 A-A538-154S+w+wsereereresssseemmrsisssesssssssessssssssesssssessssasae 879 £ 3.7
pscEgsip 153+ 14
pscG mutants

ApscG 21.8 £ 1.0
pscGysg 98.6 £ 12.1
pscGyog 91.4 = 16.6
pscGy ias 100 = 12.3
DSCG 128G werveneenreeinieieenteiesesesee et sesestsae et se e e e 91.3 £ 10.1
PscGwais 84.4 = 17.6
DSCG | 5G 108 erevevererrerereremrerenereenentasssesetsseseessesenesessesensseesenead 69.4 = 13.3
pscGyssyias 72.1 =13
DSCG 55128 «erveverereerererenserenereesestnsssesentssesetsseseneessesenesaeseneas 774+ 4.1
PscGyos 1288 44.0 = 10.3
DSCG g W31 Geerreverereerereremserenereesentasssesestesesenesseseneessesenssaenenead 46.1 = 4.8
PscGragswais 349 = 4.4
PSCG L 9G128S-WAIG w+ererererersrersssrussssrusssssssssssssssssssssssasssssssssssnenen 17.8 £2.4

“ Cytotoxicity was calculated using APscE/pscE and APscG/pscG values as
100% values, using J774 macrophages as an infection model, as described in
Materials and Methods. All tests were performed in triplicate.

Leu20, Leu24, and Gly57 in PscE and Leu5, Leu9, Leul2,
11e28, and Trp31 in PscG.

The PscE chaperone stabilizes PscG in vivo. As mentioned
previously, PscE does not interact directly with the needle-
forming subunit, PscF. However, a PscE-deficient strain is un-
able to construct the functional T3S apparatus and thus is
noncytotoxic (29). Moreover, the PscG-PscF complex pro-
duced in E. coli is unstable (29), suggesting that the role of
PscE may be to consolidate the PscG-PscF dimer. Indeed, as
previously reported (29) for a pscE-deleted strain of P. aerugi-
nosa, neither PscG nor PscF could be immunodetected. To
obtain further insight into the function of these two chaper-
ones, the presence of each protein was first evaluated by West-
ern blotting using P. aeruginosa strains carrying the previously
selected mutations (Fig. 3A). For PscG;ss and PscGy,gg
strains, the three proteins PscG, PscE, and PscF were readily
detected, at levels similar to those in the wild-type strain. In
PscGy 5105 and PscGy sq 1 105 Strains, the levels of PscE and
PscF were seriously diminished, while in PscGy,gq w31 and
PscGy os_1285.w31s Strains, neither protein could be detected

J. BACTERIOL.

(Fig. 3A). These results are in agreement with our observations
concerning complex formation in vitro, where PscE-PscG for-
mation is already destabilized with simple and double amino
acid changes. Concerning PscE strains, in both PscE; ;g 1 24s
and PscEgs;p mutants, the steady-state levels of PscG and
PscF were found to be dramatically affected (Fig. 3A).

To estimate the effects of less pronounced mutations on the
stability of PscG, the intracellular stabilities of selected
PscG, 55 and PscGy 54 | og mutants as well as of the PscEgs.p
strain, used here as a control, were compared to that of the
parental wild-type strain. In order to do so, P. aeruginosa
strains were cultivated under T3S-inducing conditions, and
after arrest of protein synthesis by chloramphenicol treatment,
protein aliquots were analyzed by immunoblotting. As shown
in Fig. 3B, PscG is stable over the 3-h period after protein
synthesis arrest in the wild-type background. In the PscEgs/p
strain, PscG was not detected even at time zero, as expected
and in agreement with cytotoxicity data. Notably, two strains
(PscGy ss and PscGy sg10s) in which the PscG-PscE surface
was only slightly disturbed by the mutations and in which the
cytotoxicity was diminished by only 10 to 20% compared to the
wild type showed degradation of PscG over time, which was
more rapid in the double PscG; sg | o mutant (Fig. 3B). There-
fore, even small perturbations of the interface between the two
chaperones can diminish the stability of the main chaperone
PscG and may perturb T3S assembly.

PscG and PscF provided in frans compensate for the ab-
sence of PscE. From the structure of the ternary complex (30),
PscG appears as the main chaperone for PscF, masking its
polymerization domain and inhibiting premature fiber forma-
tion. Our previous results suggest that the role of PscE is
essentially to stabilize the PscF-PscG heterodimer through
multiple interactions with the convex side of the PscG chaper-
one. Therefore, we asked whether PscG could be sufficient for
PscF export and needle formation. As PscG alone is unable to
complement the pscE deletion mutant (Fig. 4), probably due to
rapid degradation of endogenous chromosomally encoded
PscF, we constructed a bicistronic plasmid that allowed the
synthesis of both PscG and PscF. When this plasmid was in-
troduced into a PscE-deficient strain, the intracellular quanti-
ties of PscG and PscF were readily detected by Western blot-
ting (Fig. 4A). The P. aeruginosa APscE strain supplemented
by a PscG-PscF-expressing plasmid recovered the capability to
secrete PopB, as well as restoring T3S-dependent cytotoxicity
on macrophages to wild-type levels (Fig. 4B). This result
clearly demonstrates that when provided in a large quantity,
and in concert with its substrate, PscG is able to accomplish all
of the functions of the main needle protein chaperone.

DISCUSSION

The trimeric PscE-PscF-PscG complex is unique in its struc-
ture and function in type III secretion. PscE, and its homo-
logue YscE in Yersinia, folds into three « helices and was
predicted previously to be a chaperone of needle components
(7, 28), based basically on homology with chaperones of sub-
units forming other filamentous structures, such as FliC of
flagella and E. coli T3S EspA (12, 37). However, crystal struc-
tures of two trimeric complexes, PscE-PscF-PscG of P. aerugi-
nosa and YscE-YscF-YscG of Yersinia pestis, clearly showed
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FIG. 2. Formation of mutant PscE-PscG complexes in vitro. (A) Selected mutations were recreated in pETDuet/6his-pscE-pscG, allowing the
production of proteins in E. coli BL21(DE3) followed by purification of the 6His-PscE-PscG complexes on Ni** affinity columns. The presence
of PscE and PscG in total cellular extracts (T), flowthrough (FT), and elution fractions (E) obtained by increasing concentrations of imidazole (E1,
100 mM; E2, 150 mM; E3, 200 mM; E4, 250 mM) was confirmed by immunodetection using specific anti-PscE and anti-PscG antibodies. The G57D
mutation completely abolished complex formation in vitro, while other mutations modified the elution profiles to different extents. (B) Three
selected complexes eluted from Ni** affinity columns in 150 mM imidazole fractions were further analyzed by SEC, and the presence of proteins
in different fractions (SEC, and SEC,) was verified by immunoblotting, as in panel A. While the wild-type complex eluted as a single peak at an
elution volume of 16 ml, the SEC profiles of mutant complexes showed the appearance of an additional peak at 8 ml, in which the presence of

PscG was confirmed using anti-PscG antibodies.
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FIG. 3. The stability of PscE and PscG in P. aeruginosa depends on
their efficient interaction. (A) Whole-cell extracts from P. aeruginosa
strains carrying mutations described in Fig. 1 were analyzed by West-
ern blotting with antibodies directed toward PscE, PscG, and PscF.
(B) Time-lapse stability of PscG in whole-cell extracts after protein
arrest induced by chloramphenicol addition at 7,,. At indicated time
points the same quantity of P. aeruginosa cells was withdrawn, soni-
cated, and analyzed by Western blotting using anti-PscG antibodies.
Stabilities of PscGysg and PscGysg1os mutants were compared to
those of PscG in the parental strain and to the PscE s, strain, where
the complex formation was completely abolished.

that PscE/YscE only peripherally contact the needle subunit
through the N-terminal « helix, Ha (30, 35). Indeed, the dele-
tion of this helix did not have any effect either on the complex
formation in vitro or on bacterial cytotoxicity (30). Two addi-
tional a helices of PscE (Hb and Hc) extensively interact with
each other and with the exterior, convex part of the PscG
chaperone, notably with helices H1 and H2. The surface en-
compassing this interaction is estimated to be >1,300 A2 and
involves multiple amino acid contacts (30). Our screen of this
surface, based on a sensitive cytotoxicity test which reflects T3S
function, showed that the central part of the surface is essential
for complex stability. Discrete single amino acid changes in-
troduced within PscE and PscG did not perturb the T3S as-
sembly, demonstrating that multiple interactions guarantee
complex stability. These experiments clearly demonstrated that
the stability of the PscE-PscG complex is maintained through-
out the surface by several anchoring points. One drastic mu-
tation in PscE, the change of Gly 57 into Asp, abolished com-
plex formation and was used throughout this work as a
negative control. This mutation, created in the central part of
the interface, potentially abrogated several interactions around
glycine 57 (Fig. 1A). To confirm the results of our in vivo
screen, we transferred selected mutations into a bicistronic
vector which enabled us to coexpress and copurify PscE-PscG
complexes in vitro. Analyses of mutant complexes by size-ex-
clusion chromatography demonstrated that single and double
mutations within PscE and PscG destabilized the complex and
one PscG sample aggregated. This finding is in accordance
with our observation that, although the PscF-PscG complex
could be purified in vitro even in the absence of PscF, this
binary complex is extremely unstable (29).

As previously suggested by our analysis of PscE- and PscG-
deficient mutants in cytotoxic P. aeruginosa, the three partners
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FIG. 4. The PscG chaperone is required and sufficient for PscF
export and T3S functionality. (A) A P. aeruginosa strain deficient in
PscE (AE) was supplied in frans with either PscG (G) and PscE
(E) alone or PscF-PscG (FG) expressed from the bicistronic construct.
The presence of proteins was checked by Western blotting using ap-
propriate antibodies. (B) Cytotoxicity assays on macrophages and se-
cretion tests of the PopB translocator performed with the same strains
(AEJE, AE, AE/G, and AE/FG) as those described for Fig. 1. Note the
compensation of T3S function in P. aeruginosa APscE when both PscG
and PscF were provided.

within the trimeric complex costabilize each other; two chap-
erones are undetectable by Western blotting at steady-state
levels in crude extracts of corresponding mutants (29) (Fig. 3).
Therefore, to be able to study the action of PscE on the
stability of PscG, we selected two mutations whose effects on
T3S are detectable neither by the cytotoxicity test nor by the
secretion assay. The stability of mutant proteins PscG, 55 and
PscGy 5.1 os Was evaluated after arrest of protein synthesis and
compared with that of PscG in parental strains. Indeed, al-
though the single mutation caused protein stability to decrease,
the double mutation had an even more pronounced effect.
However, as those mutations had no effect on T3S function as
determined by measurements of bacterial cytotoxicity, the in-
tracellular pool of the PscE-PscF-PscG complex should be
sufficient for proper export of PscF onto the bacterial surface.
Indeed, it was already observed that relatively small amounts
of T3S proteins are sufficient to provoke measurable damage
on infected macrophages (8).

PscF belongs to the first class of exported substrates of the
T3S base, which itself is assembled within the two bacterial
membranes by a general secretion pathway. The PscF molecule
possesses the intrinsic capacity to polymerize into long fibers,
when expressed in a heterologous host; this feature is con-
trolled by the PscE-PscG dimer that ensures the monomeric
state of PscF within the bacterial cytoplasm before its transport
(30). The structure of PscG harbors three TPR motifs with
seven a helices, three of which interact directly with the C-
terminal helix of PscF. The PscG-PscF interface is essential for
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PscF stability, export, and needle formation, as even single
mutations within the interface abrogate T3S function (30). The
TPR fold of PscG is highly reminiscent of that of class II
chaperones of T3S, such as SycD of Yersinia, IpgC of Shigella,
and PcrH of Pseudomonas, whose substrates are hydrophobic
translocators (4, 21, 23). Curiously, these chaperones do not
require any additional protein or sequence to enhance their
intrabacterial stability.

The PscE-PscG complex motif is structurally reminiscent of
widespread eukaryotic proteins of the 14-3-3 family, which are
implicated in cell signaling by interacting with more than 200
partners involved in a broad range of pathways (1). These
protein-protein interactions occur through the conserved TPR
motifs of 14-3-3 within a bundle of nine a helices. Helices 1
and 2 in 14-3-3, which could structurally correspond to Hb and
Hc in PscE, have been shown to be required for functional
dimer formation (1). Therefore, it could have been reasonable
to postulate that PscE is somehow involved in protein-protein
interactions within the T3S base, in order to “promote” the
export of the needle subunits. Our work clearly shows that this
is not the case. We were able to construct a P. aeruginosa strain
deficient in PscE that possesses a functional T3S apparatus, by
supplying it with several copies of PscG and PscF. This clearly
demonstrates that the PscG chaperone harbors all of the in-
formation needed for PscF export within its sequence.

The molecular mechanism which dictates the hierarchical
export of substrates is still a largely obscure aspect of the T3S.
It has been proposed that the T3S-specific ATPase, located at
the cytoplasmic side of the secreton, is implicated in substrate
export, notably through an ATP-dependent separation of a
chaperone-substrate complex (2). Recently, it has been pro-
posed that in Chlamydia a multiple cargo secretion chaperone
(Mcsc) associates at the same time with an inner ring protein
of the T3S base and with the substrate-chaperone complexes,
providing a platform for substrate export. However, a direct
interaction between Mcsc and the needle-chaperone complex
CdsEGF could not be identified in that work (32). Indeed, the
general chaperone FliJ in the flagellar T3S system binds the
C-ring component FliM and recognizes the subset of chaperones
of “late” flagellum components, and not the FliC-chaperone com-
plex (10, 11). The search for partners of the PscG chaperone in
the P. aeruginosa T3S system is under way and may provide
information that is still lacking regarding the interaction network
involved in assembly of the T3S nanomachinery.
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